Introduction
It is not possible to follow the 02 consumption and the CO2 production of a single sample of biological material by conventional volumetric or manometric techniques. A recent paper by LASER and LORD ROTHSCHILD (8) calls attention to the need for a device to measure the respiratory quotient (R.Q.) of a single biological sample. They achieved this end with a quite elaborate manometric apparatus which we feel is too complicated for general use. Means of continual CO2 measurements independent of simultaneous 02 determinations include the katharometer method of STILES and LEACH (17) ,.the infrared method of McALISTER (11) , the mass spectrometer method of BROWN, NIER, and VAN NORMAN (2) , and electrical conductivity techniques. The latter seem the most suitable for routine work, judged on the basis of cost, convenience, and technical skill required.
Measurement of CO2 by observation of the electrical conductance of an absorbing solution was described by CAIN and MAXWELL (3) and first used for biologically produced CO2 by SPOEHR and McGEE (16) . A number of modifications have been published. The literature is summarized by NEW-TON (12) who also treats the theory of the general method. FENN (6) described a respirometer vessel containing electrodes for conductivity measurement. The tissue was placed in a central cup surrounded with Ba (OH)2 solution. The vessel was kept at constant temperature and shaken to mix the alkali. It was necessary to stop the shaking to read the conductance, which can be inconvenient. LEDEBUR (9) described a respirometer vessel which incorporated a conductivity inset containing Ba(OH)2 and which could be shaken continuously. The conductivity inset was a glass thimble on the bottom of the respirometer vessel in which electrodes were suspended from a removable stopper on the top of the vessel. It is probable that the cell constant was dependent upon the precise orientation of this stopper, and that the constant fluctuated with shaking. Absorption of CO2 was reported to be rather slow with this cell. Though Fenn encountered no difficulty with the use of Ba (OH)2, Spoehr and MIcGee were unable to make continued readings with their apparatus due to the precipitated BaCO3 which adhered to the electrodes and changed the cell constant. THOMAS (18) found that precipitated BaCO3 did not affect conductance measurements, but that the conductivity itself continued to decrease for one half hour after precipitation occurred as the solubility of the new precipitate decreased with time. CLARK, GADDIE, and STEWARD (4) avoided any possible trouble from these sources by using NaOH rather than Ba (OH)2. Their vessel, like that of Fenn, could not be shaken during readings. Due to the geometry of their vessel thermal equilibrium could be attained only after an hour.
Materials and methods Our respirometer vessel shown in figure 1 was designed to permit measurement of CO2 by following changes in the conductivity without stopping the shaking of the vessel. The tissue is placed in the main compartment A, which has a volume of about 30 ml. The inset B contains three ml. of dilute NaOH and the platinum conductivity-electrodes D and E. The inset is U-shaped and is rigidly suspended from the lid by glass tubes which enclose the electrode lead wires (omitted from figure 1 for clarity). The inset is filled, emptied, and washed by means of a pipette introduced through the opening stoppered by plug C. A side flask F, the contents of which may be tipped onto the tissue during the experiment, and a gas changing tube and stopcock G are provided for convenience. The capillary H connects to a manometer as in Fenn's design, to permit volumetric determination of the 02 consumption. The vessel is used in a thermostatically controlled water bath, and rocked (in the plane of the drawing) about the point X to provide mixing of the contents.
PLANT PHYSIOLOGY
The vessel design-of figure 1 was found satisfactory in a variety of applications, although improvement is possible. The conductivity inset is in poor thermal contact with the water bath. Experience might show that the conductivity cell could be repeatedly washed along with the respirometer vessel without altering the cell constant or contaminating the cell with conducting material, in which case it would be possible to attach both inset and electrodes to the vessel bottom to provide better thermal contact. The use of removable electrodes seems undesirable, as indicated above. A removable U-shaped conductivity inset connected to the bottom of the respirometer vessel through a short ground joint of large diameter might be feasible. Alternatively, the vessel lid could be modified to incorporate a depression extending down to and touching the conductivity inset. The well thus formed would bring the water of the constant temperature bath into much better thermal contact with the conductivity inset.
In considering other designs it should be borne in mind that the U-shaped inset has unique properties. Since the cross section of the current path between electrodes is determined entirely by the glass walls, shaking of the vessel has distinctly minor effects on the cell constant, provided that the shaking is not violent enough to bring the electrolyte surface near either electrode. In use, conductance could easily be measured to four significant figures while shaking was in progress. A relatively high cell resistance is possible with this design, which is convenient. In addition there is an active pumping of the electrolyte which renews the absorbing surface, extends it to the sides of the U tube, and mixes both the electrolyte and the gas. MARTIN and GREEN (10) point out that renewal of the absorbing surface is of great importance in achieving rapid CO2 absorption. The absorption rate of CO2 into the U-shaped conductivity inget in vessels of the design illustrated by figure 1 is only slightly lower than that of a FENN (5) or Warburg respirometer vessel of a comparable volume without a filter paper roll in the alkali inset.
To avoid polarization errors the electrodes are platinized and their area exceeds the minimum given by the equation of PARKER (13): R =Ad (1) in which R is the cell resistance in ohms, d is the electrode separation in cm., and A is the minimum electrode area in cm.2
Since the volume and concentration of the alkali used in the inset is critical, it is desirable to dry the inset as well as possible before each filling. If the inside walls of the inset are wiped with a strip of clean filter paper (being careful not to scrape the electrodes) no significant errors result from the small amount of residual moisture. It is probably undesirable to allow the electrodes to dry out, although we have dried the apparatus at room temperature alter washing with distilled water and found no change in the cell constant. In practice, we keep the inset filled with H20 or alkali between periods of use, with the vessel in place. The CO2 absorbing capacity of the three ml. of 0.05 N NaOH used in the inset is sufficient for several experiments of the sort common in most studies of tissue respiration, since each milliliter is capable of absorbing slightly greater than 500 microliters (CO.) of CO2 before complete conversion to carbonate. THOMAS (18) found that the absorption rate with Na2CO3 solution was still essentially as great as with a NaOH solution, both 0.005 N. It is not necessary to renew the alkali each time it is used as long as the apparatus is closed meanwhile to prevent evaporation.
When beginning an experiment, it is often desirable to start observations of respiratory rates as soon as possible after the vessel is placed in the water bath. Serious delay will be encountered if the conductivity inset is not at the temperature of the water bath at the start of an experiment. We found it convenient to equilibrate the apparatus in the thermostatically controlled water bath, remove it, insert the biological material, and promptly return it to the bath. Should the experimental regime necessitate changing the inset solution just before starting a series of measurements, the use of pipettes and alkali which previously have been brought to temperature equilibrium in the same water bath is convenient and helpful.
Alternating current must be used to measure the conductance. Probably the simplest A.C. bridge suitable for this purpose is some modification of JONES and JOSEPHS' (7) design. Such a bridge may be assembled around a Leeds and Northrup Campbell-Shackleton ratio box and a good A.C. resistance box reading 11111.1 ohms in steps of 0.1 ohm or less. A ratio box was constructed at small expense around General Radio A.C. resistors, which were first checked on a D.C. bridge. A Wagner ground (see Jones and Josephs) was incorporated. Capacity balancing over a continuous range of 0 to 0.005 microfarads with combinations of fixed and variable condensers connected across the terminals of the resistance box was found necessary. The exact value of the capacity required at balance is not of interest. This bridge, used with a two stage audio amplifier and headphones, had more than adequate accuracy and sensitivity. A schematic diagram of the circuit used is shown in figure 2 .
A bridge of laboratory construction should be tested for correspondence of A.C. and D.C. resistance measurements as an index of quality, and the ratio arms should be tested for equality by the methods described by Jones and Josephs. This bridge gave agreement between A.C. and D.C. resistance measurements to 0.01% and the ratio arms were equal to within 0.03%.
Both agreements are more than adequate for the purpose in hand, as the precision of CO2 measurement was limited by the temperature regulation of the water bath.
In making each measurement, it is necessary to adjust both the value of the resistance and the value of the shunt capacitance in the known arm of the bridge until zero output is obtained in the detector. This must be PLANT PHYSIOLOGY , done by successive approximations, and when both are far from the value required at balance it may be a bit difficult to locate the balance point. In the course of a run, however, the adjustments required to restore balance are small; and it is easy to find the balance point. Experimental results and discussion In order to calculate the quantity of CO2 absorbed in the inset solution from conductance data, it was necessary to investigate the conductivity change of the alkali used as a function of CO2 absorbed. A stream of moist dilute CO2 was bubbled through a simple absorption cell with built-in electrodes. The cell had been calibrated and used in a thermostatically controlled water bath. After stopping the gas stream, the conductivity was determined; and a sample of the alkali was withdrawn for analysis. More CO2 was then added and the process was repeated. The CO2 contents of the samples were measured by two methods. Potentiometric titrations yieldsed calibration data which did not differ significantly from those obtained by the manometric method of PETERS and VAN SLYKE (14) . Fig-ure figure 3 . These values were, for the Van Slyke method, -75919 ± 3659 and, for the potentiometric method, -76331 ± 650,ul. CO2 at s.t.p. per unit change in conductivity per ml. 0.05 N NaOH solution.
As might be expected, the indeterminant errors are smaller for the titration data; we feel confident that this procedure was equally free from determinant errors. We accepted as the "calibration value" at 30 + 0.01°C the slope of the line based on the titration data. At this temperature, a decrease of one ohm per cm. in the specific conductance of 0.05 N NaOH corresponded to the absorption of 7.63 x 104 I1. of CO2 at standard temperature and pressure per ml. of alkali.
Upon the assumption that the relationship between CO2 absorbed and conductivity remains linear over the rather limited range of physiological temperatures, this calibration was extended to temperatures above and below 300 C as follows: The cell was filled with 0.05 N NaOH of undetermined but low carbonate content, and sealed. The conductivity of this alkali was measured over a range of temperatures. The water bath temperature was controlled within 0.010 C; and time was allowed for resistance readings to become constant, indicating temperature equilibrium. An unmeasured quantity of moist CO2 sufficient to convert about 40%o of the at other temperatures. The calibration value at temperatures other than 300 C is equal to the 300 C calibration value multiplied by the ratio of the vertical separation of the curves at the desired temperature to the vertical separation of the curves at 30°C. The values in table I were computed by this method. x.1. CO, absorbed= mkvQ....4) (2) where: m is the "calibration value" for 0.05 N NaOH at the given temperature, in ,ul. CO2 ohm-' cm.; k is the cell constant of the conductivity inset, in reciprocal centimeters, obtained by measuring the resistance of 0.1 M'L KCl in the cell at 250 C and multiplying this value by 0.01288 ohms per cm.; v is the volume of alkali solution in inset, in ml.; r is the resistance of cell, minus lead wire resistance, in ohms; and rO is the initial cell resistance, minus lead resistance, in ohms.
The value of m may be found by interpolation in table I; or it may be computed by the use of the following equation, the constants of which were obtained by fitting a straight regression line to the reciprocal of the data in where r1 is a representative resistance reading for a particular narrow interval.
The apparatus of figure 1 is particularly adapted to the following of a changing respiratory quotient; an example of its use for this purpose is illustrated by figure 5. Alcohol was the initial substrate in two vessels containing identical suspensions of yeast cells. The gas phase was air. At the time indicated by the vertical arrow, glucose was tipped into the suspension in one of the vessels. A rapid increase in the rate of CO2 production occurred. The R.Q. with alcohol as substrate was lower than the theoretical for complete combustion, due probably to assimilation of part of the alcohol, while the final high R.Q. of the sample with glucose was the result of considerable fermentation. The yeast was a strongly fermenting baker's yeast, and its Pasteur mechanism was not adequate to prevent this fermentation under the conditions of aeration. This experiment demonstrates the ease with which respiratory exchanges may be accurately followed while the R.Q. is shifting over a fourfold range. Summary A method is described for following changes in respiratory quotient on a single biological sample. Oxygen is measured manometrically, and CO2 is determined by an improved electrical conductivity method employing electrodes built into the alkali inset of a respirometer vessel in such a HOURS 
